AP-1-like transcription factors play crucial roles in oxidative stress responses in yeast and filamentous fungi. The deletion of an AP-1-like transcription factor gene, nap-1, in Neurospora crassa slightly increased its sensitivity to oxidative stressors, including menadione. Microarray and quantitative real-time reverse transcriptase-PCR analyses were employed to identify menadione-inducible genes (migs) and the roles of NAP-1 in their regulation. N. crassa migs include three putative glutathione S-transferase genes and two NADH:flavin oxidoreductase genes, orthologs of OYE2 and OYE3, both of which play roles in menadione tolerance in Saccharomyces cerevisiae. Menadione induced nuclear localization of NAP-1, and oxidative upregulation of many of migs were NAP-1 dependent. Genes for a thioredoxin, a glutathione reductase, and a glutathione peroxidase were slightly upregulated by the chemical only in the wild-type strain, suggesting that NAP-1 is involved in their oxidative induction and probably dose not contribute to high-level constitutive expressions of such genes.
Reactive oxygen species (ROS), which are formed by incomplete reduction of molecular oxygen during respiration and other metabolic processes, cause damage in a wide range of organic macromolecules, including proteins, lipids, and DNA. To protect cells from ROS molecules, organisms produce nonenzymatic antioxidants such as glutathione (GSH), ascorbate, and carotenoids, and use antioxidant enzymes such as superoxide dismutase (SOD), catalases, and glutathione peroxidase. ROS also participate in a diverse array of physiological processes, including normal cell growth. [1] [2] [3] Apoptosis is associated in many cases with the generation of ROS in eukaryotes, including fungi. 4) Plants and plant pathogens have developed strategies for ROS detoxification in plant defense responses. 2) In N. crassa, intracellular ROS act on circadian conidiation via multiple circadian clocks and output pathways. 5, 6) AP-1 transcription factor, originally identified by its ability to interact with the mammalian AP-1 binding site, 7) is a central regulator whose action provides protection against oxidative stress in yeasts and filamentous fungi. Yeast AP-1 (Yap1) is required for an oxidative stress response in Saccharomyces cerevisiae.
Oxidative stress induces the accumulation of Yap1 in the nucleus. This regulated localization is mediated by a cysteine-rich domain at the C-terminus. [8] [9] [10] [11] A yap1 null mutant is sensitive to multiple oxidative stresses, including hydrogen peroxide (H 2 O 2 ) and compounds that alter the redox status of the cell. Activation of Yap1 induces the expression of many antioxidants and related protein-encoding genes, including TRX2 (thioredoxin), TRR1 (thioredoxin reductase), TSA1 (thioredoxin peroxidase), GSH1 (gamma-glutamylcysteine synthetase), SOD1 (Cu/Zn superoxide dismutase), AHP1 (peroxiredoxin), GLR1 (glutathione reductase), YCF1 (yeast cadmium factor, a glutathione S-conjugate pump), and SSA1 (an HSP70 isoform). [12] [13] [14] [15] [16] [17] [18] AP-1-like transcription factors have been characterized in various fungi, including Schizosaccharomyces pombe, 19) Candida albicans, [20] [21] [22] Aspergillus nidulans, 23) A. fumigatus, 24) A. parasiticus, 25) Cochliobolus heterostrophus, 26) Ustilago maydis, 27) and Alternaria alternata. 28) In most fungal strains, YAP1 orthologs regulate the genes for thioredoxin systems, and deletion of such transcription factor genes confers higher sensitivity to H 2 O 2 .
In this study, we characterized the AP-1-like gene mutant, Ánap-1, to evaluate the oxidative response in N. crassa. Differently from the other fungi, the nap-1 mutant did not display significant sensitivity to H 2 O 2 or menadione. Genes for the thioredoxin system, including thioredoxin reductase and glutathione reductase, were slightly induced by menadione only in the wild type of N. crassa. We identified 12 genes strongly induced by menadione in a NAP-1 dependent manner. Among these, two NADH:flavin oxidoreductase genes were implicated in the menadione sensitivity of the cell.
Materials and Methods
Fungal strains, culture, and sensitivity test. The N. crassa strains used in this study are listed in Table 1 . N. crassa C1-T10-37A and C1-T10-19a are wild-type strains closely related to the standard Oak Ridge wild-type strain. 29) The knockout strains from the functional genomics program were obtained from the Fungal Genetics Stock Center (FGSC; Kansas City, MO). 30) They were grown on agar-solidified Vogel's medium N (VN) supplemented with 1.2% w/v sucrose at 28 C. 31) All crosses were performed on a synthetic cross medium, as described by y To whom correspondence should be addressed. Fax: +81-276-82-9801; E-mail: mfujimura@toyonet.toyo.ac.jp Biosci. Biotechnol. Biochem., 74 (4), 746-752, 2010
Davis and de Serres (1971). 32) Ascospores were picked up randomly on small blocks of agar and then cultured on VN medium for 10 d at 28
C. In order to assess the sensitivity of hyphal growth to oxidative stress, osmotic stress, and fludioxonil, mycelial disks were placed on VN agar medium containing menadione (25, 50, 75 , or 100 mM), H 2 O 2 (0.5, 1, or 2 mM), tertiary butyl hydroperoxide (t-BOOH; 0.05, 0.1, or 0.2 mM), 4% NaCl, or fludioxonil (0.003 or 0.1 mg/ml), and then were cultured at 28 C for 18 h. The mean colony diameter minus the diameter of the inoculation disk was measured.
Disruption of the nap-1 gene. The disruptants of the nap-1 gene (XP 957544, NCU03905) in N. crassa were isolated by gene replacement using a Ámus-52 strain following Ninomiya et al. (2004) . 33) The genomic DNAs of the N. crassa wild-type strain were isolated as described previously. 34) The primers used in present study are listed in Table 2 . A DNA fragment of the nap-1 gene with the 5 0 and 3 0 flanking regions was amplified by PCR with primers ncyapF2 (À993) and ncyapR1 (þ3319), and was cloned into pGEM-T Easy vector (Promega, Madison, WI). Using the resulting plasmid DNA as a template, the flanking regions and portions of the nap-1 structural gene were amplified by inverse-PCR with outward primers ncyapHindF1 (þ1928) and ncyapHindR2 (þ65), both of which have the HindIII recognition site. The approximately 5.2-kb PCR product was selfligated after digestion with HindIII to yield pGEM-Dnap. The bialaphos-resistant gene Bar cassette derived from pT7BARMTE1 35) was amplified with primers PtrpCU-TA-F-Hind and PBARTA-R-Hind, and was inserted into the HindIII site of pGEM-Dnap. The resulting plasmid pGEM-DnapBar was digested with NotI, and then the DNA fragments with the Bar gene insert and the 5 0 and 3 0 flanking regions of the nap-1 gene were transformed into the 54yo-828-4a (mat a; mus-52::Hyg r ) strains by electroporation, as described previously. 33) Transformants that were resistant to bialaphos (300 mg/ml) were isolated, and gene replacement in the nap-1 gene was detected by PCR using primers ncyapF3 (À1177) and PtrpCU-TA-F-Hind for the 5 0 flanking region of the nap-1 gene and the trpC gene respectively, and primers PBARTA-R-Hind and ncyapR3 (þ3179) for the Bar gene and the 3 0 flanking region of the nap-1 gene respectively. The absence of the nap-1 gene in the transformants was confirmed by PCR using primers ncyapF4 (þ1215) and ncyapR28 (þ1780).
Gene expression by quantitative real-time reverse transcriptase-PCR. Total RNA was isolated as previously described. 36 ) Conidia (3:3 Â 10 6 /ml) were germinated in liquid VN medium for 4 h at 25 C, and were then transferred to VN medium containing menadione (50 mM) or H 2 O 2 (3 or 30 mM) for 30 min. Total RNA was isolated from each sample using a FastRNA Pro Red kit (Qbiogene, Illkirch, France). Each RNA sample (total RNA, 50 ng) was subjected to quantitative real-time reverse transcriptase-PCR (qRT-PCR) using the LightCycler system (Roche Diagnostics, Mannheim, Germany) as described previously.
37) The amounts of relevant mRNA of the target genes were quantified using ProbeLibrary probes (Roche Diagnostics) using the primers and probes shown in the Supplementary data (Table S1 ; see Biosci. Biotechnol. Biosci. Web site). The relative values of gene expression were calculated by comparing cycle numbers of the various qRT-PCR samples with that of an untreated control, viz., the crossing point (CP) difference (Á) of a control versus an unknown sample (ÁCP ¼ CP control À CP sample ). Three independent experiments, involving cell capture, RNA extraction, reverse transcription, and qRT-PCR, were performed. Subcellular localization of NAP-1. To construct the NAP-1-GFP fusion gene, the entire coding region of NAP-1 was amplified by PCR using forward primer nap-1-GFPF1-Bam and reverse primer nap-1-GFPR1-Xma (Table 2) , with the genomic DNA of the wild-type strain as the template. The PCR product was cloned into pGEM-T Easy vector (Promega). The resulting plasmid was digested with restriction enzymes BamHI and XmaI, and then the fragments containing nap-1 were purified after agarose gel electrophoresis. The DNA was inserted into the corresponding sites of green fluorescent protein (sGFP) vector 
The restriction enzyme site introduced is underlined.
Primer position in the nap-1 gene (XP 957544, NCU03905) is indicated in parenthesis.
pMF272 (FGSC) to yield pNAP-GFP. The DNA sequence of the fusion gene was confirmed using an ABI PRISM-3700 DNAanalyzer (Perkin Elmer/Applied Biosystems, CA, USA) and fluorescent dye terminator dideoxynucleotides, following the PCR cycle sequencing protocol. This plasmid was targeted to the his-3 locus of N625, yielding strain NAPGFP1. 38) In GFP imaging, confocal laser scanning microscopy was performed using an inverted laser scanning microscope (LSM-510, Carl Zeiss, Jena, Germany), as previously described. 39) Microarray analysis. In microarray analysis, conidia (6:0 Â 10 5 cell/ml) were cultured in Vogel N liquid medium containing 1.2% sucrose for 18 h at 25 C and then treated with menadione at a concentration of 50 mM for 1 h. Total RNA was isolated from each sample using a FastRNA Pro Red kit (Qbiogene, Illkirch, France). Each RNA sample (total RNA, 50 mg) was subjected to cDNA synthesis. Labeling of cDNA and hybridization were performed using an Array 50 Expression Array Detection Kit (Genisphere, Hatfield, PA) according to the manufacturer's protocol. N. crassa 70-mer oligonucleotide microarray slides, developed by the Neurospora research community using an NIH program project grant, were obtained from the FGSC. 40, 41) Detailed information can be found online at the Filamentous Fungal Microarray Database (http: //www.yale.edu/townsend/Links/ffdatabase/downloads.html). The arrays were scanned at two wavelengths to detect the emissions from both Cy3 and Cy5 using an Agilent dual-laser DNA microarray scanner (G2565AA), and data were extracted with Agilent Feature Extraction Software (v 8.5). For microarray hybridization analysis, duplicate independent experiments were carried out.
Results and Discussion
Isolation of knock-out mutants of the nap-1 gene encoding an AP-1-like transcription factor in Neurospora crassa A search of the Neurospora genome database at the Broad Institute (http://www.broad.mit.edu) indicated that N. crassa has a probable AP-1-like transcription factor, NAP-1 (XP 957544, NCU03905). The deduced NAP-1 consisted of 577 amino acids, and showed amino acid sequence homologies to Pap1 of S. pombe (NP 593662), NapA of A. nidulans (AN7513), and a putative AP-1-like transcription factor of M. grisea (MGG 12814) with 26, 35, and 48% identity respectively. These transcription factors and Yap1 of S. cerevisiae (P19880) shared significant homologies in two separate regions (Supplemental Fig. S1 ): one in the DNA-binding bZIP domain structure (amino acids 137-209), and the other in the C-terminal cysteine-rich domain (CRD), which functioned in cellular redox state sensing and in the appropriate subcellular localization.
Deletion of the nap-1 gene in N. crassa was performed by homologous recombination using a Ámus-52 strain, as described in ''Materials and Methods.'' Mycelial growth and asexual conidiation of the obtained two Ánap-1 strains (Dnap1Ba and Dnap1BaA) on VN medium were quite similar to those of the wild-type strain. It is known that deletion of AP-1 transcription factor genes confers H 2 O 2 -sensitive phenotypes in many fungi, as described previously. For example, the growth of a ÁnapA strain of A. nidulans and a Áchap1 strain of C. heterostrophus was almost completely inhibited by 3 mM and 1 mM H 2 O 2 respectively, at which each wildtype strain grew normally. 23, 26) However, the Ánap-1 strain was only slightly more sensitive to H 2 O 2 , t-BOOH, and menadione than the wild-type strain (Fig. 1ab) . Slightly increased sensitivity to menadione in the Ánap-1 strain was also observed in conidia germination both on disk halo zone assay and germ-tube elongation in liquid culture (data not shown). On the other hand, the nap-1 disruption did not affect sensitivity to osmotic stress (4% NaCl) or an OS-2 MAP kinase activator fludioxonil in N. crassa (data not shown).
Identification of NAP-1-regulated genes in N. crassa Deletion of AP-1-like transcription factors in fungi caused increases in sensitivity to H 2 O 2 as described previously; however, NAP-1 was apparently dispensable in ROS challenges. We carried out a genome-wide search for N. crassa NAP-1-regulated genes in growing hyphae by measuring the response to menadione by microarray analysis. To minimize artifacts arising from low expression values in the macroarray data, only Mycelial disks of the wild-type (C1-T10-19a) and the Ánap-1 strain (Dnap1Ba) were inoculated onto a medium containing hydrogen peroxide (0.5, 1, or 2 mM), tertiary butyl hydroperoxide (t-BOOH; 0.05, 0.1, or 0.2 mM), and 4% NaCl (a), and menadione (25, 50, 75, or 100 mM) (b). Percent of growth inhibition is shown: wild type (black boxes), Ánap-1 (gray boxes). (c) Sensitivity to menadione of the Ágst-1 (DGST1a), Ágst-3 (DGST3a), Ágst-1; Ágst-3 (DGst13-1), Ámig-1 (DMIG1a), Ámig-2 (DMIG2a), Ámig-3 (DMIG3a), and Ámig-2; Ámig-3 (DMig23-1) strains: menadione 25 mM (black boxes), 50 mM (gray boxes).
genes with raw intensity values of >600 counts for menadione-treated mRNA were chosen, and genes with absolute values of the natural logarithm of the ratios (treated vs. untreated) of >0:4 were considered candidates for the menadione-induced gene (mig) (Supplemental Table S2 ). The expression of 32 selected mig candidates were quantitated by real-time RT PCR analysis. Sixteen genes the mRNA levels of which in the germinating conidia of wild-type cells induced at least 5-fold were designated migs (Fig. 2a , Supplemental Table S3 ). Among these, gst-1, gst-2, gst-3, gst-4, mig-1, mig-2, mig-3, mig-4, mig-5, mig-6, mig-7, and mig-8 were induced by menadione only in the wild-type strain, not in the Ánap-1 strain, indicating that they were NAP-1-regulated genes. The putative functions of these mig gene products are shown in Table 3 .
The functions of these genes have not been characterized in detail in N. crassa, but four glutathione Stransferase (GST)-related genes were classified as migs, and their induction was under the control of NAP-1. GSTs are categorized as detoxification enzymes with the ability to conjugate a broad range of potentially harmful xenobiotics to glutathione (GSH). A database search suggested the presence of two probable theta-type GST genes (gst-1 and gst-2). A. fumigatus has three theta-type GST genes (gstA, gstB, and gstC), and their encoding enzymes all exhibit GST and glutathione peroxidase activities. gstA and gstC are markedly upregulated by H 2 O 2 .
42) GST-1 and GST-2 show amino acid identities of 37 and 64% with GstA, 48 and 45% with GstB, and 50 and 37% with GstC respectively. The gene product of gst-3 is predicted to be a membrane associated protein in eicosanoid and glutathione metabolism (MAPEG) family protein related to microsomal GST. GST-4 has GST-like N-and C-terminal domains found in the elongation factor gamma subunit. On the other hand, a putative Kappa family GST gene (NCU01636) and an Omega type of GST gene (NCU00549) were not induced by menadione (data not shown). These results strongly indicate that NAP-1 plays an important role in the regulation of certain classes of GST genes.
In addition to the GST genes, NAP-1 affected the expression of several oxidoreductase genes on menadione treatment. The mig-1 gene encodes a putative 1,4-benzoquinone reductase containing a flavodoxin domain and shows high homologies with minor allergen Alt a 7 (ALTA7) in Alternaria alternata (66% amino acid identity), benzoquinone reductase in Phanerochaete chrysosporium (63%), and a protoplast-secreted protein, NAP-1 dependent genes gst-1 NCU05780 Related to theta class glutathione S-transferase gst-2 NCU04109 Probable theta class glutathione S-transferase gst-3 NCU01320 Related to microsomal glutathione S-transferase 3 gst-4 NCU10521 Related to glutathione S-transferase (fragment) mig-1 NCU02948 Probable 1,4-Benzoquinone reductase mig-2 NCU07452 Related to flavin oxidoreductase mig-3 NCU04452 Probable NADPH2 dehydrogenase chain OYE2 mig-4 NCU09040 Probable reductase RED1 mig-5 NCU01759 Related to aldo-keto reductase YPR1 mig-6 NCU09285 Related to alcohol dehydrogenase mig-7 NCU02220 Conserved hypothetical protein mig-8 NCU03369 Related to pirin NAP-1 independent genes mig-9 NCU09141 Probable pyridoxine 4-dehydrogenase mig-10 NCU04791 Related to sorbitol utilization protein mig-11 NCU00187 Related to carboxyphosphonoenolpyruvate phosphonomutase mig-12 NCU09830 Probable ATP-binding cassette multidrug transport protein cat-3 NCU00355 Catalase-3 flavodoxin (PST2) in Candida albicans (62%). An NAD(P)H-dependent quinone reductase was involved in lignin degradation, and the gene for it was induced by various aromatic compounds, including p-benzoquinone, 4-naphthaquinone, and vanillic acid. 43) Like mig-1 in N. crassa, the pst-2 gene was induced by oxidative stresses in a Cap1p-dependent manner in C. albicans.
22)
The gene product of mig-3 exhibited 43 and 42% amino acid identity to S. cerevisiae old yellow enzymes (OYEs) Oye2 and Oye3 respectively. In addition, the N-terminal region of MIG-3 is very similar to that of MIG-2. Yeast OYEs are highly homologous to FMN oxidoreductases, and are firmly placed in the signaling network connecting ROS generation, programmed cell death modulation, and cytoskeletal dynamics. [44] [45] [46] Like mig-3, the OYE2 and OYE3 genes were induced by oxidative stress in a Yap1-dependent manner. 44) Putative protein products of the mig-4, mig-5, mig-6, and mig-7 genes also belong to oxidoreductases. mig-4 and mig-6 encode proteins with the IPR002085 domain (the alcohol dehydrogenase superfamily, zinc-containing). MIG-5 has 37% identity to YPR1, an NADPH-dependent aldo-keto reductase, of S. cerevisiae, 47) and mig-7 encodes a hypothetical protein with a DSBA-like thioredoxin domain. The mig-8 gene encodes a protein related to pirin which is known to act as a transcriptional cofactor or an apoptosis-related protein in mammals. [48] [49] [50] The other four genes, mig-9, mig-10, mig-11, and mig-12, were upregulated by menadione both in the wildtype and the Ánap-1 strains (Fig. 2a) . However, the induction levels of mig-10 and mig-11 were somewhat lower in the Ánap-1 strain than in the wild-type strain, suggesting a contribution of NAP-1 in their regulation. In contrast, an ABC transporter gene, mig-12, the gene product of which shows 70% amino acid identity to BcatrB (accession no. AJ006217) of Botryotinia fuckeliana, and mig-9, which encodes a putative pyridoxine 4-dehydrogenase, were similarly induced in both strains.
Sensitivity of knockout mutants of NAP-1 dependent genes to menadione
In N. crassa, a genomic knockout project using highthroughput gene replacement protocol is ongoing. 30) To estimate the contribution of NAP-1 dependent genes to menadione sensitivity, we obtained available deletion mutants of the relevant genes from FGSC and examined their sensitivity. Deletion mutants of two different GST genes, gst-1 and gst-3, and their double mutant Ágst-1; Ágst-3 strain were not sensitive to menadione. The Ámig-1 and Ámig-3 strains also showed similar menadione sensitivity to that of the wild-type strain. On the other hand, the Ámig-2 mutant was slightly more sensitive, and the Ámig-2; Ámig-3 double mutant was yet more sensitive to the chemical. These data suggest that two possible NADH:flavin oxidoreductases, MIG-2 and MIG-3, might function coordinately in response to oxidative stress and might contribute to cellular ROS tolerance in N. crassa, though their biochemical activity remains to be elucidated.
Expression of the thioredoxin and glutathione systems, anti-oxidant enzyme genes, in response to menadione AP-1 transcription factors are considered to be major regulators of the thioredoxin and glutathione systems in response to oxidative stress in fungi, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] but the microarray analyses described above indicated that only trx-1, which encodes a thioredoxin (NCU06556), was significantly induced by menadione (Table S2) . Hence we quantified the expression of trx-1, trr-1/ cys-9 (encoding a thioredoxin reductase, NCU08352), glr-1 (encoding a glutathione reductase, NCU03339), gsh-1 (encoding a -glutamylcysteine synthetase, NCU01157), and gpx-2 (encoding a glutathione peroxidase, NCU09534) in the wild-type and the Ánap-1 N. crassa strains in response to menadione (50 mg/ml) by qRT-PCR (Fig. 2a, Table S3 ). Four genes (trx-1, glr-1, gsh-1, and gpx-2) were induced 2-to 4-fold in the wild-type strain but not in the Ánap-1 strain. Although trr-1/cys-9 was not induced on exposure to menadione, NAP-1, an AP-1-like transcription factor, contributed the regulation of the thioredoxin and glutathione systems in the oxidative stress response in N. crassa as in other fungi, but it was obviously not essential for their expression.
AP-1-like transcription factors are also known to regulate anti-oxidant enzyme genes in some fungi. 22, 23, 28, 51, 52) A database search indicated that N. crassa has two Cu/Zn superoxide dismutase (SOD) genes (sod-1, NCU01213 and NCU03013) and two Mn SOD genes (sod-2, NCU01213 and NCU09560). The N. crassa sod-1 mutant was extremely sensitive to paraquat, 53) and a sod-1 null strain was also highly sensitive to menadione (data not shown). S. cerevisiae SOD1, which encodes a Cu/Zn SOD, and C. albicans SOD2, which encodes an Mn SOD, were found to be induced by oxidative stressors. 22, 52) We also examined the expression of the SOD genes in N. crassa in response to menadione. The expression of sod-1 did not change in the wild-type or the Ánap-1 strain (Fig. 2a, Table S3 ). The other three sod genes also were not induced by menadione (data not shown). Along with the fact that the nap-1 deletion did not largely affect the susceptibility of the cells to menadione, NAP-1 did not play a major role in the regulation of the sod genes in N. crassa.
Like many other filamentous fungi, N. crassa has two fungal-specific large subunit catalases, CAT-1 and CAT-3, normally produced in the conidia and the growing hyphae respectively. 54) Previously we found that cat-1 was regulated by ATF-1 transcription factor, which was activated by OS-2 MAP kinase in the osmotic signal transduction pathway. 37, 55) The cat-3 gene (NCU00335), an ortholog of A. nidulans CatB that was regulated by an AP-1-like transcription factor, NapA, 23) was strongly induced by menadione both in the wild-type and the Ánap-1 strain (Fig. 2a) , suggesting that cat-3 is NAP-1-independent.
Role of NAP-1 in the regulation of the genes for the thioredoxin and glutathione systems
Menadione treatment upregulated the GST and oxidoreductase genes more than the genes for the thioredoxin and glutathione systems, as described above. We took the time course of gene expression of seven selected genes to compare their expression profiles (Fig. 2b) . Upregulation of two GST genes, gst-1 and gst-2, and two oxidoreductase genes, mig-1 and mig-2, was detected within 5 min and reached a maximum at 20 to 30 min after menadione treatment, whereas the sod-1 gene was not induced at any time. Although the level of upregulation of gpx-2 was lower than that of gst-1 or mig-1, substantially the same induction pattern was observed. In contrast, the induction of an NAP-1 independent gene, cat-3, was slower than that of the NAP-1 dependent genes: induction of it was detected only after 20 min. We also examined the effects of H 2 O 2 on the gene expression of five representative genes, glr-1, gpx-2, gst-1, gst-2, and mig-2 (Fig. 2c) . No genes were induced in the wild-type strain under exposure to 3 mM H 2 O 2; under which mycelial growth was strongly inhibited (Fig. 1a) , but a higher concentration of H 2 O 2 (30 mM) strongly induced NAP-1 dependent genes in the wild-type strain but not in the Ánap-1 strain, indicating that upregulation of these genes is mediated by not only menadione but also by oxidative stressors (Fig. 2c) .
Oxidative stress can induce the nuclear localization of AP-1-like transcription factors in yeast and filamentous fungi. [8] [9] [10] [11] 26, 27) To determine the localization of NAP-1 within N. crassa cells, we constructed a fusion gene of a green fluorescent protein (sGFP) gene and nap-1 under the control of the ccg-1 promoter. The hyphae of the transformants with the nap-1-sGFP gene at the his-3 locus fluoresced uniformly in the cytosol (Fig. 3a) . Upon menadione treatment, the fluorescence signal was restricted to subcellular compartments in the hyphae within 5 min (Fig. 3b) , and DAPI staining revealed that NAP-1-originated GFP fluorescence localized to the nuclei (Fig. 3c) . The similar result was observed under H 2 O 2 treatment at 10 mM (data not shown). These data suggest that under oxidative stress conditions, NAP-1 localizes to nuclei and then target genes are directly activated by the transcription factor rather than by indirect upregulation mediated by a menadionedetoxification process.
It appears that NAP-1 is not a major regulator of thioredoxin and glutathione system genes (trx-1, glr-1, gsh-1, and gpx-2) in N. crassa, but we concluded that NAP-1 was involved in the oxidative upregulation of them. These genes were only slightly induced by menadione (<4-fold) (Fig. 2a ), yet this might have been due to the high basal expression of in N. crassa. Data from qRT-PCR analyses indicated that the crossing point (CP) values of the trx-1, glr-1, gsh-1, and gpx-2 genes were about 21 to 23 cycles, considerably lower than migs, indicating that the amounts of mRNA were much higher in both the wild-type and the Ánap-1 strains in the absence of oxidative stressors (Table S3 ). The PCR efficacy of primers for each gene was very similar to each other when the same genomic DNA was used as template (data not shown). These results strongly suggest that these genes were constitutively expressed at relatively high levels in N. crassa. Obviously, NAP-1 did not contribute to the basal expression of these genes, because the CP values for the genes in the untreated Ánap-1 strain were very similar to those for the untreated wild-type strain (Table S2) , and NAP-1 localized to the cytoplasm of the untreated cells (Fig. 3) . NAP-1 translocates to the nuclear pore and mediates the expression of migs only when cells suffer from oxidative stress, and hence the basic expression of many migs was relatively low. Involvement of the other transcription factors in the regulation of the thioredoxin and glutathione systems should not be excluded. In contrast, deletion of the napA gene led to decreased basal expression of NapA target genes, including catB, trxA, trxR, and prxA, in A. nidulans. 23, 56) A limited contribution of NAP-1 to the basal expression of the genes for the thioredoxin and glutathione systems might be consistent with the fact that the Ánap-1 strain of N. crassa was only slightly more sensitive to oxidative stress. Very recently, Thön et al. reported that deletion of hapC caused higher basal expression of thioredoxin and glutathione system-encoding genes such as glrA and gpxA in A. nidulans. 56) HapC, HapB, and HapE form a CCAAT-binding factor, AnCF, a homolog of the S. cerevisiae HAP complex. 57) Three N. crassa proteins, NCU03033, NCU09248, and AAB-1 (NCU00116), showed notable similarity to A. nidulans HapB, HapC, and HapE respectively (data not shown). Only AAB-1 has been characterized as a regulator of the am (NADPspecific glutamate dehydrogenase) gene. 58) No coordinate negative regulation of genes for the thioredoxin and glutathione systems by a possible CCAAT-binding factor with NAP-1 was evident in N. crassa. The involvement of this important transcription factor HAP complex in the regulation of oxidative stress response genes in N. crassa remains to be elucidated.
Yap1p controls the expression of genes encoding most of antioxidants and thiol-oxidoreductases, including GLR1 and TRR1, through binding to Yap1 recognition elements (YRE), TTA(C/G)T(A/C)A, located in the promoter of its target genes. Growing hyphae on 3% agar medium of the strain with nap-1-sgfp gene (NAPGFP1) prior to menadione treatment (a) were treated with 50 mM menadione for 5 min (b). Nuclear localization of NAP-1-sGFP was confirmed by staining with DAPI (c). In DAPI straining, hyphae treated with 50 mM menadione were fixed (6% paraformaldehyde in 100 mM piperazine ethanesulfonic acid, PIPES, buffer, pH 6.5) for 20 min, and then washed twice with Tris-buffered saline (TBS: 10 mM Tris, pH 7.5, 200 mM NaCl). Nuclei were stained with DAPI solution (1 mg/ml in TBS) for 5 min and washed twice with TBS. Confocal laser scanning microscopy was performed using an inverted laser scanning microscope (LSM-510, Carl Zeiss, Jena, Germany). Bar, 20 mm.
the promoter regions of NAP1-dependent genes, including trx-1, glr-1, and gpx-2, suggesting that NAP-1 binds to an element different from yeast YREs.
NAP-1, an AP-1-like transcription factor, was confirmed to be involved in the oxidative upregulation of probable oxidoreductase genes and thioredoxin and glutathione system genes in N. crassa. Although AP-1-like transcription factors are commonly activated on exposure to oxidative stress and are then localized to the nucleus to induce anti-oxidant stress genes in fungi, their targets and recognition of promoter sequences show variety. Each organism may fit its AP-1 transcription factor, playing an appropriate role through evolution.
